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FRICTION AND SURFACE DAMAGE OF SEPJEEWi 

CoRRosIoN-REsIsTm MATERLALS 

By Marshall B. Peterson and  Robert I,. Johnson 

An investigation,  in air, of t he   f r f c t ion  and surface damage of 
several  materials that are. res is tant   to   corrosion by l iqu id  metals was 
made.  The values of kinet ic   f r ic t ion  coeff ic ient  at low sliding veloc- 
itZes and  photomicrographs of surface damage were obtained.  Appreciable 
surface daumge was evident  for all materials tested except  tungsten 
carbide. The fr ic t ion  coeff ic ients   for   the combinations of steel, stain- 

Inconel,  and Nichrome ranged from 0.55 fo r   t he  monel-Inconel  couibiaation 
t o  0.97 f o r  the stainless-steel - nickel conibination; fo r  steel, stain- 
less steel, monel and tungsten  carbide  against  zirconium  the  friction 
coefficients were approximately 0.47. Lower coefffcients  of  fr iction 
(0.20 t o  0.60) and negligible  surface failure a t  light loads were obtained 
with tungsten  carbide when used i n  combination d t h  various  plate materials. 

n less s tee l ,  and monel s l i dhg   aga ins t  steel, stainless  steel ,   nickel,  

- 

INTRODUCTION 

Liquid m e t a l s  have potential   application as heat-transfer fluids 
i n  power plants (referepce 1). The extreme corrosive  nature of most 
l iqu id  m e t a l s  a t  elevated  temperatures  introduces many c r i t i c a l  design 
problems. One i q o r t a n t  problem i s  obtaining  satisfactory materials 
f o r  sliding surf aces of parts, such as the bearings  for pumgs . Most 
common bearing materials are rapidly corroded by l iqu id  metals and the 
materials that are known t o  be corrosion  resistant have unknown f r f c t ion  
properties.  Information on the frictional behavior in air and i n   l i q u i d  
metals of coribinations of otherwise useful materials i s  needed i n  the 
solution of current  design problems. 

Accordingly, a serieg of investigations were  conducted a t  the XACA 
Lewis laboratory in order to study  the  frictional  behavior  in air of 
corrosion-resistant high-temperature materials. The investigations were 
conducted a t  room temperature  under s t a t i c  and  'extremely  slow-speed 
sliding-friction  condftions  using a range of loads with maximum loading 
su f f i c i en t   i n  most cases t o  cause  appreciable  plastic  deformation of the  
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surfaces. The materials investigated  include  canibinations of s ta inless  
steel, monel, nickel,  Inconel, Nichrome, zirconium,  tungsten  carbide, and 
carbon s tee l .  

Apparatus 

The f r i c t ion  experiments w e r e  performed  with the  apparatus  described 
in  reference 2. This apparatus is  shown in figure 1. The principal 
par ts  of the  apparatus were the rider assembly (shown at the  r ight i n  
f i g .  2), which h e l d t h e  ba l l  specimens,  and the   p la te  (shown at t h e   l e f t  
i n   f i g .  2), which the balls contacted. W e e  ball  specimens w e r e  securely 
clamped in posi t ions  in   the rider holder, which corresponded  to. the 
vertices of an  equilateral   tr iangle,  and a dead  weight load was applied 
a t   the   cen ter  of the   t r iangle  normal t o  i t s  plane.": The load was assumed 
supported  equally by the  three- balls. The specimen p la te  was c l m e d   t o  
the base of the  apparatus and the  load  applied  to  the rider (fig.  3). 
Motion between the  plate  and r ider  was produced by applying a force 
through a dynamometer ring on which force-indicating  strain gages were L 

mounted (reference 3). The dynamometer ring was connected t o   t h e  rider 
assembly by f ine  music wire. me. f r ic t iona1   force  was continuously 
recorded on a photoelectric  recording  potentiometer, A 1-rp.t motor I 

rotating a f ine  pi tch (64 threads/in.) screw resu l ted   in  a constant d i s -  
placement rate of 0.0156 inch  per  minute. 

_" " 

. -  

I n  order t o  minimize the  effects  of vibration,  the chamber which 
contained  the  apparatus was mounted on a base  plate  (f ig.  1). The table  
which held the base  plate was suspended using commercial f lexible  
mountings. 

The apparatus was contained wi th in  a chamber hexing provisions  for 
maintaining  an  atmosphere of clean dry a i r .  The source of the air, a 
-70° F refrigerated  air  line,  insured  dryness. The temperature of t he  
air was raised t o  that of the room before  circulating through the 
apparatus. The a i r  was f i l t e r e d  through glass wool contained i n  the 
tube that was mounted on t o p  of the chmiber as shown i n  figure 1. 
Relative humZdity in   t he  chamber during  the  friction  experiments was 
maintained at a value of less t han  10 percent..  

" - . .  

Specimen Preparation . " ." 

Au- pla te  specimens were cleaned  according to   t he  following 
procedure: 

(1) Ground t o  a surface f in i sh  of l o  t o  15.1%~ 

. .- . .  . 

(2) Abraded l i gh t ly  under acetone  with 4/0 emery c l o t h -  
. 

. ." 
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(3) Scrubbed with  levigated alumina and  water 

(4) Washed with  water t o  remve  adhering alumina 

(5) Rinsed w i t h   t r i p l e   a s t i l l e d  water' 

(6) Rinsed  with 90 percent  alcohol 

(7) Flushed  with  consecutive rinses of f reshly distilled acetone 
and  vapor i n  SoxUet  extractor 

(8) Dried i n   t h e  c-ber containing  the  friction  apparatus 

The b a l l  specimens used were cleaned by the same procedure as the 
plates  except that steps (1) and (2) were omitted. With this procedure 
the  surfaces were found  by electron  diffraction to be grease free.  

Specimen Materials 

b The materials  used in   th i s   inves t iga t ion  were chosen  because of 
corrosion-resistant  properties. The p l a t e  and ball  materials used .are 
shown i n  tab le  I. The chemical c q o s i t i o n  and hardness of each 
mater ia l   a re   a l so   l i s ted   in  table I. 

* 

Method of Obtaining D a t a  

According t o  Amonton's law, the  coefficient of f r i c t i o n  of dry 
metals  should be independent of load.  For thfs reason, f r i c t ion  
measurements were made f o r  each  combination of metals with .a range of 

. loads ( to t a l   l oad  on three balls)  from 300 to 4200 grams t o  determine 
an average  value  for  the  coefficient of f r ic t ion .  (Unless  otherwise 
specified,  subsequent  references t o  load will re fer  t o  to ta l   load  on 
three balls.) The f r ic t iona l   force  m s  measured initially f o r  a load 
of 300 grams; without removing the   s l ider  from the  plate,  s-tional 
weights were added t o  the slider and the  frictional  force  corresponding 
t o  this greater  load was measured. The load,was then  reduced t o  
300 grams and the  f r ic t ional   force remeasured. The procedure was 
continued until   the  highest   load run had  been made.  The rider and the 
p la te  were kept i n  contact  during  the  &tire  test  in  order t o  avoid 
mfsalinement  and  cont&mination f romthe  air. Higher load runs and 
300-gram load  runs were alternated;  the 3OO-gram load  runs gave 
reproducible  results,  indicating  that  the  surface damage result ing from 
one load run did not  affect   the  results of the succeeding  ones.  For a 
few material combinations, two values of f r ic t ional . force were obtained: 

kinet ic   f r ic t ional   force.  

. 
m (1) the  force t o  i n i t i a t e   s l i d ing  and (2) the first steady  value of 
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If the  ball  and p la te  w e r e  allowed t o  experience  relative motion . 
fo r  a long period of time, the frictional force would increase  consider-. 
ably  because of the  accumulation of w e a r  debris i n  f'ront of the slider. 
T h i s  effect was also observed by Bowden and Tabor (reference 4, p. 92) 
with  other materials. This  accumulation of debris would r e s u l t   i n  an 

' increase   in   f r ic t ion   coef f ic ien t  of alsproximately 0.25; by  choosing the 
first stable  value of f r ic t ional   force,  however, these data were found 
t o  be reproducible to. within fl .OS. PLiririg the  alternate  l ight-load 
(300 grams) runs t he   ba l l  specimens passed  over  the debris accumulation 
from the  precedingrun;  this  also happened intermittently  throughout  the 
runs  with  heavier  loads. As a result, w e a r  debris  accumulates only t o  
a limited extent  before  being  passed  over by the rider; consequently, the 
effect on f r i c t ion  throughout one experiment was limited and not 
cumulative. . .  . . .  . .  

N 
Ip 

G 

RF,SULTS AND DISCUSSION 

The friction  coefficients  obtained  for  the  various  combinations of 
uiaterials are shown i n  table II. Each coefficient of f r i c t ion  l isted i s  
an  average  value of the  coefficients  obtained a t  different  loads. These 1 

values  are-therefore the coefficient of k ine t ic   f r ic t ion  a t  a sliding 
velocity of 0.0156 inch  per minute i n  the load range from 300 t o  
4200 grams (UX, t o  1400 g/ball) .  The types of surface damage fo r  many 
of the  metal combinations a re  similar. These different types of surface 
damage, as noted i n  table  II, &e discussed i n   t h e  Surface Damage section. 
Although coefficients of friction  vary  considerably with different metal 
combinations, it would be  very d i f f i cu l t   t o   i so l a t e  any particular  vari-  
able and  consider i t s  ro l e   i n  determining the  coefficient of f r ic t ion .  
Barden  and Tabor (reference 4, p. 78) have shorn tha t  some general  conclusions 

progerties of the two sliding  surfaces. The to t a l   f r i c t iona l   fo rce  is .. 

made up of two separate  factors:  the  force  to..shew.  the wel& which occur . . . .. 

when two clean metals are p-laced'fn  contact and the  force t o  plow one. 
swface through  the other. If it is possible t o  decrease either of these 
factors or both,   the  frictlonal  force and the  coefficient of f r i c t ion  will 
likewise  be.decreased.  mese two factors may be  reduced in  several  ways. 
With a hard-slider  softer-plate combination, the hard slider will 
penetrate  the  soft   plate and  cause  appreciable plowing; an increase i n  
the hardness of p la te  will reduce  the plowing  and therefore  reduce  the 
coefficient of f r ic t ion .  This effect  i s  generally  observed in   t ab l e  I1 
where harder materials are l i s t e d  on the right-hand  side)  for example, 
SAE M95 steel against bonded tungsten carbide (hardness Rockwell C-85) 
gave a fr ic t ion  coeff ic ient  of 0.34 &%.le #'or . t h e .  combination of 
SAF 1095 steel and nickel  (hardness Rockwell B-62) the f r i c t ion  
coefficient is- 0.85.. -As discussedin  reference 4, another way i n  
which the  f r ic t ion  coeff ic ient  may be decreased is  t o  decrease  the d 

number of w e l d s  which occur between the slider and plate.  Similar 

v 

'may be drawn in  the  case of dry f r i c t ion  by considering  the  relative  physical 

.- . 
t 
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materials, for example, stainless s tee l   aga ins t   s ta in less   s tee l  o r  a 
pure metal sliding against a pure  metal, will show considerable welding. 
Welding is  characterisic of materials that me mutually  soluble.  In 
these  experbents the amount of welding that takes place f o r  various 
combinations usually cannot  be  estimated. If, however, a f i lm of some 
contaminant i s  placed between the matlng  surfaces,  welding  can largely 
be  eliminated. This contaminant may be either oxide, grease film 
(characteris-&ic of uncleaned  surfaces), o r  a  lubricant. The variations 
in   f r ic t ion   coef f ic ien ts  i n  the cases of steel against   s teel  and other 
material combinations are  therefore the resu l t  of one o r  a combination 
of any of these  three  considerations: (1) relative  hardness, (2) amount 
of welding, o r  '(3) presence of contaminating films and the i r  breakdown. 

- 

Steel  Against  Steel 

A plot  of coefficient of f r ic t ion  against . load f o r  hardened s t e e l  
balls s l iding on a s t e e l   p l a t e  i s  shown in   f i gu re  4. These f o u r  tests 
established  the  average  coefficient of f r i c t ion  of 0.79 f o r  s t e e l  on 
s t e e l  over the  load range.from 900 t o  4200 grams. S i m i l e  values have 

coefficient f o r  steel on s t e e l  of 0.78 is presented  in  reference 5. The . 
p h t e  specimens i n  the four tests of figure 4 had lapped surfaces (4 t o  

of w h i c h  had been ground t o  duplicate the surface  roughness (12 t o  
15 m) of the other materials. The-friction  coefficient f o r  the ground 
surface i s  shown i n  figure 5. The coefficients of f r i c t ion  f o r  the 
ground surface fa l l  withfn the experimental limits of the data of fig- 
ure 4. This is  in  agreement with the  statement by Bowden and Tabor (refer- 
ence 4, p. 175) that "over a w i d e  range of  surface finfsh, the   f r ic t ion  of 
metals i s  nearly  independent of the degree. of surface  roughness." 

n been obtained by other  investigators, f o r  exaxple, a s t a t i c   f r i c t i o n  

Y 8 rms);  t e s t s  were therefore conducted using a steel   p la te ,   the   surface 

The lower values of the  coefficient of f r i c t ion  a t  light loads 
were not t rue  load effects  but  rather,  were functions of the  s l ider  
surfaces. When a  continuous run was made with alternate  loadings of 
300 and 1557 grams, the  initial fr ic t ion  coeff ic ient  was approximately 
0.65, and after continued  sl iding  the  frictiop  coefficient  increased 
t o  approximately  0.79. This increase  in   f r ic t ion  coeff ic ient  may be 
the   resu l t  of the breakdawn of surface  layers of either oxides,  cold 
worked m e t a l ,  or other  contaminating films of the slider Fecimens, 
allowing surface w e l d i n g  to occur, the duration of the 1557-gram-load 
rum was so short that there was insuff ic ient  the for  an  accumulation 
of debris i n   f r o n t  of the slider. 

The accumulation of debris  (primarily  plastically  displaced m e t a l )  
i n  f ront  of the   s l ider  is very  pronounced for  the heavier loads if slid- 
ing i s  allowed t o  continue f o r  a long  period of time.  During the time 
the debris is accumulating, t he   f r i c t ion  w i l l  increase  and the 
coefficient of f r i c t i o n  will. approach 1. If the resistance t b  motion 

I 
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becomes too  great;-the  slider  passes over the  top of the debris and the 
same-process is  repeated  again. A photograph of the w e a r  t rack result- 
ing from this phenomenon and a diagrammatic sketch  for  the combination 
of a steel slider and a nickel  plate is sham i n  figure 6. 

Other  Material Combinations 

- Nickel i n  a l l  tests conducted was found t o  have high f r i c t ion  
coefficients. Except against  tungsten  carbide,coefficient of f r i c t ion  
approaches 1 and w e l d i n g  w a s  apparent a t  a l l  loads (for example, f ig .  6). 
The fr ic t ion  coeff ic ients   for  two nickel  alloys (Nichrome and Inconel) 
were lower  than fo r  nickel with a l l  combinations of slider material. 
This decrease in   coeff ic ient  of f r i c t ion  may be the resd l t  of the 
increase  in  the  hardness of these  alloys. 

The coefficient of Fr ic t ion  for  a l l  slider-uiaterials i n  combination 
with  zirconium i s  relatively low (0.44 t o  4.49). This may be the r e su l t  
of several  factors. Zirconium i s  not only  harder than the other  plate 
materials (except bonded tungsten  carbide)  but also acquires, i n  air, a 
thick  oxide film which reduces  the amount of welding. Even though thie 
oxide film is apparently  easily ruptured during sliding, the   effect  may 
be considered  beneficial  because the film will not be completely removed 
by the  passing of the slider and also because t h i s  oxide film immediately 
reforms and protects the surface  against  further wear, " 

" 

u -  

U s i n g  tungsten-carbide sliders i n  combination with various  plate 
ma te r i a l s   a l so   r e sa t ed   i n  lciw frict ion  coeff ic ients .  The coefficient 
of friction  increased  during  the  runs  to much higher values at the end. 
This increase  in   f r ic t ion with conttnued sliding of tungsten-carbide 
sliders has been  explained by Shboter  (reference 6). In i t i a l ly ,  the 
surface i s  not damaged and material i s  not removed from either the slider 
or the plate,  because no mass surface welding occws  (for example, 
f ig .  7(a));  therefore the fr ic t ional   force is  principally the force  neces- 
s a r y  t o  plow the  s l ider  through  the  material. With. prolonged sLLbing, 
and higher loads, however, some of the @late material becomes transferred 
to  the  tungsten  carbide slider. When this . t ransfer . t&es  place  the 
f r ic t iona l   force  will increase because the material whfch has become 
attached t o  'the s l ider  w i l l  then weld t o  the   p la te  mater-1. The 
fr ic t ional   force has then  increased  by an amount necessary t o  shear 
the  metal-to-metal welds. In figure 8, photomfcrographs of a pllzte 
specimen (s ta inless   s teel)  and a slider (tungsten  carbide)  after sli.dfng; 
several  hundredths of an inch are Shawn. Considerable  material has been 
removed from the p la te  and has become welded t o  the  s l ider .  

. . .  ." - 

" 

.. 

- 
When tungsten  cmbide sliders were used i n  combination with a 

I 

bonded tungsten  carbide  plate material, f r ic t ion  coeff ic ients  of approxi- 
mately 0.20 were ob€ained. This is  i n  the range reported by Shooter 
(reference 6) .  130 surface darnage was observed on either  the  tungsten 
carbide ba l l s  or  the bonded tungsten  carbide  plate. 

- I  
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When stainless  steel is  used as a slider materfal,  higher friction 
coefficients  than  for other slider materials  frequently  result  (table II). 
Other investigators  (reference 4, p. 81) have attributed  the poor 
frictional-behavior of stainless  steel t o  a homogeneous structure which 
readily allows welding with  other material. 

Surface Damage 

Photomicrographs of the various wear tracks  are shown in  figure .7. 
These wear tracks  are  characteristic of a l l  the various types of sliding 
encountered. The type of surface damage for each metal conibination is  
shown in the  table 11. The types of surface damage are defined as 
follows : 

Type a (fig.  7(a)). - m e  a surface darnage i s  a conibination 0f.a 
very hard slider  against  relatively s o f t  plate:  for example, tungsten 
carbide slider  against  steel  plate. There is  very l i t t l e  weldlng  and 
consequently l i t t l e  damage t o  surfaces i n i t i a l l y .  The slider i s  not 
damaged. 

b (fig. 7(b)).  - Tyye b surface damage is a combination of a 
hard slider  against a softer plate: f o r  example, ,SAE 1095 steel  against 
SAE lo20 steel. I n  this exaaple the two materials are similar i n  
composition. The plate specimen i s  daanaged  by considerable welding t o  
the slider, which greatly increases  the amount of surface damage. 

e  c (fig. 7(c) ) .  - Type c surface damage is  a conibination of 

steel.  Material i s  removed from the slider and is l e f t  welded t o  the 
plate  material. With stainless-steel sliders, material was removed 
from the ball but  the appearance of the p la te  indicated that mass 
welding was taking  place. 

Type d (fig. 7(d)) .  - m e  d surface damage is a combination of 
similar materials; f o r  example, stainless  steel a m s t  stainless  steel. 
There., i s  severe k g e  t o  both  the slider and plate. Large welds  occur 
and whole areas =,e torn f r o m  both the slider and plate. Damage i s  much 
more severe  than that of type c. 

Type e (fig.  ?(e)). - m e  e surface damage is a combination of 
zirconium with various  sliders; f o r  example, zirconium against  steel. 
Zirconium attains by exposure t o  a i r  a relatively  thick oxide film. 
During sUdlng t h i s  oxide film i s  easily ruptured; however;  enough 
oxide remains t o  partly  protect the- surface. I 
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-SUMMARY OF RESULTS 

Fr ic t ion and surface damage of several materials that me resistant 
t o  corrosion  by  liquid metals was studied i n  air and the fo l lox ing  
resu l t s  were obtained: 

~ ~~~~~~~~~ ~ ~ ~~ 

slider . .  
(ball)  

~~ ~ ~ ~~ ~~~~~~ ~ 

. Plate 

Nickel Bonded Zirconium Inconel UBI 347 Bichrome 8AE L020. 
steel 

carbide steel 
tungsten stainless 

Fr ic t ion  coefficientt p 

Tungsten 
carbide 0.20. 0.49 ---- 0.354.60 ---- 0.36-0.40 0.55 

SAE 1095 steel 

18-8 stainless 

"" .a .55 -68 .78  .85 .95 Monel 

.34 .44 0.79 .67 0.85 .79 .85 

eteel "" .4? .65 .9.6 .91 80 .97 

2.  Surface f a i lu re  occurred with all metal. combinations  except 
with tungsten  carbide  aliding 0-n bonded .tungsten.  cwbide. 

3. Nickel  use& i n  conibination  with  various  sliders gave high 
fr ic t ion  coeff ic ients  and severe surface damage. 

4. Zirconium, became of i ts  hardness and formation of a relat ively 
thick  oxide f i l m ,  gave low coeff ic ients   of . f r ic t ion.  'phis Oxide film was 
easily  ruptured  during  sliding. . . . . . . - 

L&s Flight  Propulsion  Laboratory, 
National  Advisory Committee fo r  Aeronautics, 

Cleveland, Ohio, October 19, 1951. 
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Materials I Coapoaltion 
Rockwell 
Hardness 

Nickel 

9AF M20 steel 

Nicbrome V 
AIS1 347 stainless 

s teel  

Inconel 

zirconiunl 

Bonded tungsten  carbide 

Plate Specimen 

Nickel 

B- 65 0.20 percent C; 0.45 percent Mn; 0.04 percent 

B- 62 

msx P; 0.05 percent max S 

80 percent Si; 20 percent Cr 

B-80 17-19 percent Cr; 9-13 percent Hi ;  2 .5  max Mn; 
B- 72 

1.5 max S i  

75 percent Rl; 0.5 percent max Cu; 0.5 percent SI; 
0.15 percent C; 12.15 percent C r ;  0.1 percent Mn; 
9.05 percent Fe 

Zirconium I B-83 

Tungsten carbide plus i 2 percent  cobalt 1 c-e5 
Ball Specimen 

18-8 stainless s t ee l  18 percent Cr; 8 percent .Si 

Hone1 

9AE 1095 steel 

B-81 

67 percent Ni; 30 percent Cu; 1.4 percent Fe; 
1.0 percent Mn 

0.95 percent C; 0.40 percent Mn; 0.04 percent max P; 
0.05 percent msx S 

mngsten carbide Tungeten carbide 

I 
8 

. . . . . . . . . .. 

I .  f 

.. . 

B- 70 

B-83 

C-So 

C-85 

. . . . . . . . . .  - 
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Tungsten carbids 
(Rockmll C - 8 5 )  

SAE lo95 steel 
(ROCkVCll C-SO) 

norm1 
(Rock11 B-83) 

18-8 ataiplesn 
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a w e  1. - Static-friction apparatus. 
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Figure 3. - Basic  etatic-frictim agparatus. 
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Direction of motion 

Slider Debris (pkst ically 
/deformed  material) 

Plat e  spec hen "F%7 
.. .. .. - 

C- 28946 

Figure 6.  - Weex track ehcrwing accumulation of we= debris in front of slider for steel 
against nickel. Load (on three balls), 4200 grams; XZOO. 
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C 2 

(a) Damage . + h e  a, very hard .slider ( tung~ten  carbide) (a) Damage type b, hard sll.der (hard.en& steel) against 
aga-t e~f te te r  plate  (sAE 1020 steel);  doefficient sofiex plate (SAE 1020 steel); ,coefffcJ.ent of f r ic t ion  
o f  friction i ,  0;36. , :  p, 0.79. . .  

Figure 7. - Phot&crog&& of dlflexent"bypes of wear t rack  on pla'tee, produced by sliding  together of var+ous metal 
cmblnationa. Load, 4200 gram; X200. 
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(a) Wear track on stabless-s teel   p la te .  (b) Mating eurface of tungsten  carbide slider after sliding 
, several hundreths of inch. 

Figure 8.  - Photmicrographs of wearing surfaces of tungsten carbide slider and stainless-steel plate. 
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